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"…kapag nasabi na ang lahat ng masasabi, ang pinakamahalaga ay hindi masasabi." 
















































































































































Chemistry	 is	 a	 particular	 way	 of	 looking	 at	 the	 world.	 	 We	 understand	 phenomena	 in	 our	
everyday	 lives,	 i.e.	 the	 macroscale,	 by	 coming	 up	 with	 models	 consistent	 with	 the	 molecular	 level	
understanding	of	matter:	intermolecular	forces,	bonding,	reactivity,	and	many	others.	
It	is	powerful	as	it	is	flexible:	depending	on	the	phenomena,	whether	physical	or	chemical,	one	
can	choose	at	what	 level	 they	may	be	explained.	Physical	 changes?	Fine	with	 intermolecular	 forces.	
Chemical	reactions?	Let’s	look	at	the	molecular	orbitals,	bonds	broken,	bonds	made.	It	is	powerful	as	it	
has	depth	and	breadth:	depending	on	the	aspect	one	wants	to	explore,	they	may	use	different	tools	and	
perspectives	 from	 different	 subfields.	 Reaction	 is	 failing?	 Check	 the	 free	 energy	 of	 reactants	 and	
products	or	look	at	the	substrate	nucleophilicity.	It	is	powerful	as	it	has	predictive	power:	depending	on	
the	 properties/performance/process	 we	 want	 to	 observe	 in	 the	 macroscale,	 we	 intervene	 at	 the	
molecular	 level.	Material	 is	 not	 performing	 well?	 Tweak	 a	 certain	 functional	 group	 or	 change	 how	
molecules	rearrange	in	the	solid	material.	
This	 is	what	 lured	me	 into	the	field.	 It	amazes	me	how	such	esoteric	 ideas	about	atoms	and	













molecular	 level	 to	 understand	 them—an	 act	 of	 deconstruction	 in	 the	 mind	 in	 order	 to	 construct	
something	in	the	material	world.	Chemistry	allows	us	to	say	something	about	the	world,	to	see	the	world	
around	us	a	certain	way.	The	most	valuable	will	still	be	left	unsaid,	but	it	is	nonetheless	important	to	say	
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To	 be	 studied	 at	 the	 single	molecular	 level	 by	 STM,	 terarylenes	with	 high	 switching	 sensitivity	 have	been	 selected.	 These	
compounds	display	high	quantum	yields	of	up	to	100	%.	However,	the	cycloreversion	reaction	remains	low	so	an	alternative	
route,	through	a	chain-reaction	oxidative	mechanism,	has	been	sought.	In	the	first	part,	we	show	that	the	efficiency	and	speed	
of	 this	 reaction	 may	 be	 controlled	 by	 attachment	 of	 aromatic	 groups	 on	 the	 reactive	 carbons.	 In	 the	 second	 part,	 we	
functionalized	these	molecules	for	STM	studies	by	attaching	tert-butyl	and	chloride	groups.	These	substituents	preserve	their	






















cycloréversion	 reste	 faible,	 de	 sorte	 qu'une	 voie	 alternative,	 grâce	 à	 un	mécanisme	 oxydatif	 à	 réaction	 en	 chaîne,	 a	 été	
recherchée.	Dans	une	première	partie,	nous	montrons	que	l'efficacité	et	la	vitesse	de	cette	réaction	peuvent	être	contrôlées	
par	 la	 fixation	 de	 groupes	 aromatiques	 sur	 les	 carbones	 réactifs.	 Dans	 la	 deuxième	 partie,	 nous	 avons	 fonctionnalisé	 ces	
molécules	afin	de	les	étudier	par	STM	en	introduisant	des	groupes	tert-butyle	et	chlorure.	Tout	en	préservant	leurs	excellentes	







contraste	élevé	et	 à	 l'aide	de	 calculs	DFT,	ont	pu	être	 assignées	 comme	étant	différentes	 conformations	de	 surface	de	 la	
molécule.	Sur	NaCl	/	Ag	(111),	il	a	été	possible	de	visualiser	les	états	occupés	et	inoccupés	de	la	molécule.	
Cela	 illustre	 que,	 pour	 ces	 applications,	 des	 molécules	 avec	 des	 propriétés	 appropriées	 peuvent	 être	 des	 candidates	
intéressantes	pour	des	études	STM	afin	d'obtenir	des	informations	sur	leurs	propriétés	à	l'échelle	de	la	molécule	unique.	De	
telles	 molécules	 peuvent	 être	 optimisées	 pour	 tenir	 compte	 de	 la	 surface,	 car	 sa	 simple	 présence	 peut	 induire	 un	








The	 fundamental	 understanding	 of	 light-matter	 interactions	 is	 one	 of	 the	 hallmarks	 of	 20th	
century	science.	From	Einstein’s	elucidation	of	the	photoelectric	effect[1]	to	Bohr’s	explication	of	line	
spectra	by	atomic	energy	levels,[2]	the	interaction	between	energy,	in	the	form	of	photons,	and	matter	
at	 the	 atomic	 level	 led	 us	 to	 the	 foundations	 of	 quantum	mechanics.	 From	 the	 resulting	 quantum	
molecular	conception	of	atoms[3]	originated	our	understanding	of	molecules:	chemical	bonding[4-5]	and	
molecular	 orbital	 theory[6]	 led	 to	 more	 systematic	 studies	 on	 structure-property	 relationships	 and	




Whereas	 individual	 atoms	 may	 respond	 to	 light	 excitation	 by	 releasing	 heat,	 electrons,	 or	
photons,	once	held	together	in	a	molecule	by	chemical	bonds,	they	present	a	new	possible	response:	
isomerization	 or	 rearrangement	 of	 such	 bonds.[7-8]	 The	manipulation	 of	 chemical	 bonds	 by	 light	 is	
exciting	especially	in	the	context	of	nanosciences	because	it	allows	for	macro-level	control	of	molecular	




Of	 particular	 interest	 are	 photoswitching	 molecules	 having	 isomers	 with	 hugely	 different	
properties:	 light	 irradiation	allows	access	to	control	properties	at	 the	molecular	 level.	One	family	of	
compounds	 recognized	 for	 their	 excellent	 photoswitching	 properties	 is	 the	 diarylethenes	 and	 their	
































isolation	of	 the	cis	 isomer	of	azobenzene.	Cis-azobenzene	had	been	predicted	to	be	 less	stable	and	
more	polar,	which	conveniently	explained	 the	disparity	 in	properties	observed.[10]	 	 Four	years	 later,	
Hartley	and	Stuart	dismissed	 these	crystals	as	mixed	crystals:	 they	showed	 that	azobenzene	and	 its	
precursor	azoxybenzene	can	be	immiscible	in	the	solid	state	and	provided	phase	diagrams	showing	that	








It	 took	 23	more	 years	 before	 Hartley,	 realizing	 that	 the	 erratic	 solubility	measurements	 of	
azobenzene	could	be	due	to	the	formation	of	an	isomer,	took	advantage	of	these	fluctuations	upon	
light	 exposure	 to	 isolate	 and	 crystallize	 this	 second	 isomer.	 The	 changes	 in	 absorbance,	 increased	
solubility,	and	higher	dipole	moment	upon	crystallization	of	the	same	sample	followed	by	recovery	of	
original	 properties	 upon	 reillumination	 undoubtedly	 proved	 that	 the	 isomerization	 of	 cis	 to	 trans	







the	molecular	property	change	seen	most	evidently	upon	cis-trans	 isomerization	was	 the	change	 in	





as	 dreamed	 by	 Feynman,[9]	 so	 that	 azobenzenes	 are	 now	 finding	 applications	 to	 control	 functional	
changes	in	nanoscale	environments	from	biological[15]	to	smart	material	applications.[16]	
Since	 then,	 other	 photochromic	 compounds	 started	 to	 emerge.	 Spiropyrans	 (Scheme	 1.2a)	
were	known	since	the	1900s	and	were	shown	to	respond	to	heat	stimulus	by	isomerization	in	the	1920s	









































resistance,	 and	 reactivity	 in	 the	 solid	 state.[20-22]	The	 stability	 of	 the	 c	 form	 is	 attributed	 to	 the	 low	
aromatic	stabilization	energy	of	aromatic	rings	in	the	o	forms	so	that	there	is	no	driving	force	for	the	
former	to	spontaneously	revert	back	to	the	latter.	Derivatives	with	aromatic	rings	having	high	aromatic	




within	 a	 certain	 distance.[20-22]	 Since	 their	 initial	 syntheses	 in	 1988,	 several	 substitutions	 of	 and	














and	 c	 forms,	 thus	 forming	 a	 molecular	 rerouter.[24]	 The	 incorporation	 of	 aromatic	 rings	 was	 then	
expanded	to	new	terarylene	derivatives	which	interestingly	maintained	high	thermal	stabilities	of	the	c	























so	 that	 the	 central	moiety	 switches	between	 imidazolium	and	 imidazolinium	 (Scheme	1.6a).[29]	 This	































product	 led	 the	 way	 to	 the	 development	 of	 efficient	 photoacid	 generators.[37-39]	 Further,	 with	 the	
understanding	of	intramolecular	interactions	between	the	central	ring	and	side	aromatic	rings	and	how	


















the	 cationic	 state.	When	 oxidized	 to	 the	 cationic	 +1	 state,	 the	 o	 and	 c	 form	 could	 spontaneously	
interconvert	 due	 to	 the	 thermal	 kinetic	 energy	 at	 room	 temperature.	 The	 equilibrium	 of	 this	
interconversion	 is	 highly	 dependent	 on	 the	 relative	 stabilities	 of	 the	 cationic	 states.[45]	 With	 an	
additional	aromatic	ring	to	stabilize	the	charge,	the	equilibrium	was	consistently	against	the	side	of	the	
o	forms	so	that	efficient	oxidative	cycloreversion	processes	were	developed	for	these	compounds.[46]	

























































structure	 of	 natural	 compounds,	 intermolecular	 interactions,	 reversible	 bond	 formations;[62]	
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following	the	reversible	 isomerization	of	the	o	and	c	 forms	(Figure	1.2).[66]	Years	 later,	diarylethenes	
without	 fluorescence	 units	 were	 observed	 to	 undergo	 uncontrolled	 switching	 under	 the	 STM.[67-68]	
Thereafter,	the	difference	in	conductance	between	open	and	closed	forms	led	to	studies	on	using	these	




section	 is	 divided	 into	 three	 parts:	 diarylethenes	 imaged	 by	 STM	 in	 the	 solid-liquid	 interface;	
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Since	 the	 bistable	 isomerization	 diarylethenes	 is	 the	 root	 of	 their	 promise	 for	 molecular	
electronics,	 which	 in	 itself	 requires	 an	 understanding	 of	 surface	 interactions,[21-23]	 a	 further	
understanding	of	how	this	dynamics	affects	molecule-molecule	and	surface-molecule	 interactions	 is	


















and	molecular	mechanics	 calculations	 showed	 that	 in	 both	 forms,	 the	 pyrene	moieties	 are	 always	
parallel	 to	 the	surface	with	 the	alkyl	chain	allowing	 for	 rotation	 (Figure	1.3c).	π-π	stacking	between	
pyrene	and	HOPG	seemed	to	be	the	stronger	interactions	that	stabilized	2D	assemblies.	It	is	noteworthy	
that	illumination	of	the	o-o	assemblies	in	situ	did	not	lead	to	its	disappearance	as	in	1.13,	but	instead,	
the	 c-c	 assembly	was	 formed.	 Subsequent	 illumination	 of	 the	 c-c	 assemblies	 for	 about	 10	minutes	
formed	the	o-o	assemblies.[73]		
Matsuda	and	his	team	remarked	that	the	alkyl	chains	could	also	help	in	the	stabilization	of	the	











of	 the	 c	 form,	 was	 an	 important	 stabilizing	 force	 for	 the	 assemblies.	 This	 also	 implied	 that	
photocyclization	happened	in	the	liquid	phase	where	the	molecule	had	freedom	to	adopt	the	reactive	

























of	 the	 o	 forms.	 By	 looking	 at	 the	 concentration	 dependence	 of	 surface	 coverage,	 Matsuda	 et	 al.	
remarked	 that	 the	 nucleation	 process	 for	 1.18c	 assemblies	was	more	 thermodynamically	 favorable	
than	that	of	the	o	form.[75]		









































the	 viewpoints	 of	 rewritable	 optical	 memories	 or	 switches	 but	 it	 could	 be	 useful	 for	 permanent	
memories	 (non-rewritable	or	write-once	memories)	 similar	 to	 applications	 sought	 for	diarylethenes	
with	very	low	cycloreversion	quantum	yields.[80]	In	a	subsequent	report,	Matsuda’s	team	found	that	the	




































Initial	 STM	 studies	 of	 diarylethenes	 under	 UHV	 involved	 the	 deposition	 either	 of	 the	 as-
synthesized	o	forms	or	a	pre-irradiated	mixture	that	contains	o	and	c	forms.	Deposition	of	a	solution	of	
1.23o	and	c	(Figure	1.7a)	did	result	in	the	observation	of	two	forms	(Figure	1.7b)	on	Si(001),	which,	with	

























1.25	 (Figure	1.8a)	on	metallic	 surfaces.	Deposition	and	 subsequent	 imaging	of	 the	as-synthesized	o	



















nucleate	 on	 the	 surface	 with	 a	 diarylethene	 having	 a	 perfluorocyclopentene	 core,	 the	 ions	 could	




diarylethene	1.26	whose	 structure	 is	 shown	on	 Figure	1.9a.	 1.26	was	 found	 to	 form	assemblies	 on	
surfaces	 due	 to	 strong	 hydrogen	 bonds	 between	 the	 aryl	 protons	 neighboring	 F	 and	 N	 from	
cyclopentafluoro	and	pyridine	moieties	of	neighboring	compounds	(Figure	1.9b).	Contrary	to	previous	























any	 sulfur	 heteroatom	 to	 prevent	 strong	 interactions	 with	 the	 surface.[91]	 The	 compound	 similarly	
assembled	on	the	Au(111).	They	did	observe	a	stronger	difference	in	contrast	between	o	and	c	forms,	
performed	 conductance	 switching	 experiments,	 and	 imaged	 dI/dV	 maps	 (Figure	 1.9i-j,	 k).[91]	 In	 a	
subsequent	report	on	the	same	compound,	the	authors	showed	that	the	switching	could	be	induced	
by	the	electric	field	between	tip	and	surface	as	well.[92]	It	seems	that	the	more	inert	Au	or	Ag	surfaces	












The	 switching	 unit	 was	 a	 terthiazole	 derivative	 previously	 functionalized	 with	 a	 long	 alkyl	 chain	



















Matsuda’s	 team	 used	 a	 terarylene	 derivative	 having	 2-phenylthiophene	 moieties	 instead	 of	
perfluorocyclopentene,	 they	were	able	 to	develop	 switching	 involving	 four	 states	beyond	 the	usual	
photochromic	 switching	 of	 the	 compound	 (Figure	 1.5).[81]	 Under	 UHV,	 the	 strong	 dipole	 of	
perfluorocyclopentene	group	was	shown	to	aid	in	assembly	formation[88]	but	the	electronic	switching	
remained	mainly	dependent	on	the	rearrangement	around	the	aromatic	rings.[91-92]	Only	two	studies	
from	 one	 team	 reported	 on	 the	 STM	 of	 self-assembled	 monolayers	 of	 terarylene	 under	 ambient	
conditions.[91-92]	 Nevertheless,	 as	 the	 2D	 solid	 surface	 could	 induce	 new	 phenomena	 previously	
unobserved	 in	 solution	 or	 in	 the	 solid	 state,[71-72]	 breakthroughs	 were	 uncovered	 such	 as	 chiral	






necessary,	 develop	 terarylenes	 highly	 sensitive	 to	 switching	 stimuli;	 (2)	 develop	 them	 for	 surface	
deposition;	and	(3)	study	them	by	STM	under	UHV.	
The	 thesis	 therefore	 proceeds	 first	 with	 a	 discussion	 of	 highly	 sensitive	 terarylenes	 in	 the	
second	chapter.	Photochemical	and	physical	considerations	are	taken	into	account	to	develop	them	so	
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electrochemistry,	 or	 inelastic	 tunneling	 electrons).	 Given	 this	 variety,	 the	 chapter	 opens	 with	
theoretical	 considerations	 on	 reaction	 kinetics	 and	 dynamics	 to	 develop	 appropriate	 switching	
molecules.	(Section	2.1)	Then,	the	discussion	proceeds	to	the	design	of	molecules	for	highly	sensitive	
photocyclization	 and	 cycloreversion.	 For	 photocyclization,	 molecular	 design	 principles	 to	 achieve	
quantum	yields	up	to	98	%	is	provided.	(Section	2.2)	Meanwhile,	an	alternative	route	for	cycloreversion	
is	sought	and	developed	in	Section	2.3.	Results	provided	in	this	Section	2.3	are	published	in	the	article:	
Fast	 and	 efficient	 oxidative	 cycloreversion	 reaction	 of	 a	 π-
extended	 photochromic	 terarylene,	 by	 J.P.	 Calupitan,	 T.	















conformation	 hence	 plays	 a	 big	 role	 in	 controlling	 the	 sensitivity	 of	o	 to	 photons.	 Due	 to	 the	 fast	





in	 the	 S1	 state,	 which	 is	 biased	 to	 return	 back	 to	 the	 closed	 form	 (Figure	 2.1)	 so	 that	majority	 of	
excitations	 do	 not	 lead	 to	 opening/cycloreversion.	 Therefore,	 it	 seems	 difficult	 to	 simultaneously	
28		
achieve	 high	 quantum	 yields	 for	 both	 the	 photo-cyclization	 and	 the	 cycloreversion	 reaction.	




goes	 through	 a	 different	 potential	 energy	 surface	 having	 a	 lower	 activation	 energy.	 Cycloreversion	















the	 non-reactive	 parallel	 conformation	 and	 the	 reactive	 anti-parallel	 conformation	 (Scheme	 2.1).[4]	
Pushing	the	photocyclization	quantum	yield	towards	unity	therefore	involved	shifting	the	equilibrium	
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and	electrochemical	oxidation	have	attracted	attention	as	an	alternative	 route	 for	 the	 ring-opening	
reaction	of	diarylethenes	because	they	offer	high	efficiency	in	an	(electro)catalytic	manner.[16-26]	The	
efficiency	of	the	electrocatalytic	cycloreversion	reaction	for	2.3o	(Figure	2.2,	R1	=	R2	=	methyl)		was	first	
quantitatively	 estimated	 to	 be	 more	 than	 900%	 as	 net	 efficiency	 while	 the	 instantaneous	 current	
efficiency	reached	over	2000%	involving	the	chain	reaction	shown	in	Scheme	2.3.[16]	The	one-electron	
oxidation	of	c	 form	readily	produces	 the	 radical	cation	c·+,	which	 is	 spontaneously	converted	 to	 the	
radical	cation	o·+	through	the	non-photochemical	cycloreversion	reaction	with	the	rate	constant	of	k2	=	
(3.3	±	0.06)	×	10−1	s−1.	This	cycloreversion	rate	constant	is	far	larger	than	that	of	neutral	c	form	by	7-
orders	of	magnitude,[27]	which	 clearly	 suggests	 that	 the	activation	energy	of	 thermal	 cycloreversion		
reaction	is	greatly	reduced	for	the	radical	cation	state.[13,28]	A	radical	cation	o·+	form	oxidizes	a	neutral	c	





























for	 2.1o.	 2.2o[31]	and	 2.3o[27]	were	 synthesized	 by	 previously	 reported	methods.	 Detailed	 syntheses	
procedure	may	be	found	in	section	7.1.	Table	2.1	summarizes	the	experimental	results	on	optical,	
photochemical,	and	electrochemical	properties	of	2.1o-2.3o	while	Figure	2.3	shows	their	UV-





absorption	coefficients,	 indicating	 that	 the	 substituents	at	 the	R1	and	R2	positions	have	 little	
impact	 on	 the	 absorption	 property	 of	 c	 forms.	 Their	 photochemical	 properties	 are	 mainly	
defined	by	the	identical	π-electronic	structures	of	the	molecules.	The	colored	solutions	could	
be	 completely	 bleached	 upon	 irradiation	 with	 visible	 light,	 producing	 absorption	 spectra	











[a]	 φo-c	 φc-o	 α	at	PSS
[b]	 Eox,onset/	V
[c]	
2.1o	 327(3.40)	 0.12	 –	 22	 1.12	
2.1c	 605(1.30)	 –	 0.03	 –	 0.5	
2.2o	 324(4.20)	 0.6[d]	 –	 82[d]	 1.16	
2.2c	 621(1.39)	 –	 0.03[d]	 –	 0.45	
2.3o	 327(3.21)	 0.4[e]	 –	 93[e]	 1.26	














12	 %).	 Compound	 2.2o	 was	 reported	 to	 have	 a	 helical	 conformation	 that	 stabilizes	 the	
photoreactive	 geometry	 so	 that	 φo-c	 as	 high	 as	 60	 %[31]	 was	 achieved	 while	 the	 original	
compound	 2.3o	 was	 reported	 to	 possess	 a	 non-photoreactive	 geometry	 as	 a	 preferential	
conformation	 to	 give	 a	 relatively	 small	φo-c	 of	 40	%.[27]	 The	 steric	 effect	 of	 the	 bulky	 phenyl	
substituents	on	the	reactive	carbon	atoms	may	further	hamper	the	adaptation	of	photoreactive	
conformation	 for	 2.1o.	 DFT	 compound	 calculations	 showed	 a	 non-photoreactive	 conformer	















Oxidation	 potentials	were	measured	 by	 cyclic	 voltammetry	 experiments.	 The	 neutral	
open	forms	consistently	had	higher	oxidation	potentials	than	those	of	the	closed	forms.	It	is	also	
noteworthy	 that	 the	 closed	 forms	 had	 similar	 oxidation	 potentials	 for	 2.1c–2.3c	 due	 to	 the	
identical	p-conjugated	system	which	is	responsible	for	the	oxidation	of	closed	forms.	






Consistently,	 additional	 aromatic	 rings	 rendered	 the	 formation	of	 transition	 state	which	was	






	 Ea/	kJ	mol-1	 DH‡/	kJmol-1	 DS‡/	J(mol-K)-1	 t1/2	/	day[c]	
2.1c	 104	 101	 -11.5	 1.4	×	102	
2.2c	 107	 104	 -25.0	 1.2	×	102	












2.3.3	 Oxidative	 cycloreversion	 kinetics.	 Tris-(4-bromophenyl)ammonium	
hexachloroantimonate	 (TBPA)	 was	 used	 as	 a	 one-electron	 oxidant.[16]	 The	 addition	 of	 20	 mol%	
equivalent	of	TBPA	to	the	pre-irradiated	colored	solutions	resulted	in	complete	bleaching,	indicating	
the	 aforementioned	 chain	 reaction	mechanism.	 Figure	 2.5a	 shows	 the	 decay	 of	 absorbance	 at	 the	









of	TBPA)	as	monitored	on	Figure	2.5	may	be	modelled	by	the	following	equation:	𝑑𝒄𝑑𝑡 = −𝑘' 𝒐•* 𝒄 							𝐸𝑞. 2.1	
	 	
The	decay	of	c·+	and	o·+	are	modelled	by	the	following:	𝑑𝑐•*𝑑𝑡 = −𝑘2 𝒄•* + 𝑘' 𝒐•* 𝒄 						𝐸𝑞	2.2	𝑑𝑜•*𝑑𝑡 = 𝑘2 𝒄•* 	− 𝑘' 𝒐•* 𝒄 	− 𝑘5 𝒐•* 				𝐸𝑞	2.3	
	 	
We	attempt	 to	 show	the	origin	of	 the	apparent	 zero-order	behaviour	 (Figure	2.5a).	 Since	 it	
shows	that	Eq.	2.1	dc/dt	is	a	constant;	[c]	should	decrease	quasi-linearly,	and	quasi-reciprocal	to	 𝒐•* .	
Here,	we	introduce	assumption	1:	k3	<<	1	so	that	Eq.	2.3	becomes:	𝑑𝑜•*𝑑𝑡 = 𝑘2 𝒄•* 	− 𝑘' 𝒐•* 𝒄 					𝐸𝑞	2.4		
This	assumption	also	means	slow	quenching	of	radicals	and	that	the	total	concentration	of	the	
charged	species	remains	constant.	That	is,	𝒄•* + 𝒐•* = TBPA <				𝐸𝑞	2.5	
Since	>?•@>A 	>	0	and	𝑘' 𝒐•* 𝒄 	>	0,	the	following	inequality	follows:	>?•@>A < 𝑘2 𝒄•* 	
	
We	manipulate	Eq.	2.4	and	Eq	2.1	to	show	that:	𝑑𝑐𝑑𝑡 = 𝑑𝑜•*𝑑𝑡 − 𝑘2 𝒄•* 			𝐸𝑞	2.6	
	
Since	𝑘' 𝑜•* 𝑐 	>	0,	Eq	2.4	implies	that		>?•@>A < 𝑘2 𝑐•* .			At	the	beginning	of	reaction,	[c·+]	=	
[TBPA]0	and		[o·+]	=	0.	The	latter	gradually	increases	from	the	isomerization	of	c·+.		The	initial	gradient	
36		
are	 thus	 given	 as	>?•@>A = 𝑘2 TBPA <	; 			>E•@>A = −𝑘2 TBPA < .	 	 Therefore,	>?•@>A 		 	 is	 initially	 equal	 to	𝑘2 TBPA 0	and	decreases	gradually	with	the	increase	of	𝑘' 𝒐•* 𝒄 .		We	here	consider	a	situation	in	
which	the	electron	transfer	between	o·+	and	c	is	fast	at	the	middle	stage	of	reaction.	With	enough	high	
concentration	 of	 c	 and	 large	 value	 of	 k4	 (k4	 >	 104	M-1s-1)[16],	o·+	must	 be	 consumed	 as	 soon	 as	 it	 is	
produced.	 In	 such	 a	 situation,	>?•@>A 	 	should	 quickly	 become	 much	 less	 than	𝑘2 𝒄•* 		 before	 𝒐•* 		
reaches	to	the	similar	extent	of		 𝒄•* 	.		In	this	occasion,	Eq	2.5	can	be	roughly	approximated	as		𝒄•* ≒ TBPA 	<			
And	Eq	2.6	becomes	 𝑑𝒄𝑑𝑡 ≒ −𝑘2 TBPA 	
This	clearly	shows	that	the	decay	of	c	is	0-order	with	respect	to	c	but	dependent	on	the	amount	
of	oxidizing	agent	 introduced.	 	 In	 this	0-order	 reaction,	a	 constant	amount	of	c	 is	 converted	 to	 the	
colorless	o	at	any	moment	so	that	the	absorbance	decreases	by	a	constant	rate.	(Figure	2.5a)	This	also	




that	 the	 rate	 is	 dependent	 only	 on	 the	 concentration	 of	 c·+	 form	 which	 is	 approximated	 by	 the	



































	 𝑑𝑐•*𝑑𝑡 = −𝑘2 𝒄•* 							𝐸𝑞	2.7	𝑑𝑜•*𝑑𝑡 = −𝑘5 𝒐•* 							𝐸𝑞	2.8	
Integration	of	Eq	2.7	and	2.8	gives:	𝑐•* A = 𝑐•* <𝑒OHJA													𝐸𝑞	2.9	𝑜•* A = 𝑜•* <𝑒OHKA												𝐸𝑞	2.10	
	
2.1c•+	and	2.1o•+	do	not	have	overlapping	absorption	bands	so	that	Beer-Lambert	Law	may	be	





equations	 to	 improve	 the	 fit	 on	 Figure	 2.6	 c,d.)	 From	 k2,	 the	 time	 constant	 τ	 for	 the	 thermal	
cycloreversion	in	the	radical	state	(c·+	-	o·+	conversion)	could	be	estimated	for	2.1	at	0.002	s.	(Table	2.3)		
Meanwhile,	2.3c	gave	a	similar	result	to	the	previous	one,[16]	showing	small	modifications	 in	
kinetics	 due	 to	 solvent	 change.	 It	 gave	 an	 absorption	 band	 right	 after	 addition	 of	 TBPA	 at	 680	 nm	
corresponding	to	2.3c·+,	which	turned	to	2.3o·+	with	an	absorption	peak	at	510	nm	(Figure	2.7b).	The	
cycloreversion	 2.3c·+-2.3o·+	 was	 found	 to	 have	 a	 time	 constant	 of	 2.6	 s	 in	 dichloromethane	 while	
previous	measurements	in	acetonitrile	was	found	to	be	3.3	s.[16]	Meanwhile,	the	time	constant	of	decay	
of	2.3o·+	to	its	open	form	was	10	s	slower	in	dichloromethane	than	in	acetonitrile.	The	former	seems	to	



















integrated	form	in	Equation	2.3	can	be	substituted	to	eq	2.13:	𝑑𝑜•*𝑑𝑡 = 𝑘2 𝑐•* <𝑒OHJA − 𝑘5 𝒐•* 							𝐸𝑞	2.14	
	
This	is	a	simple	first	order	differential	equation	whose	solution	is	trivial:	
𝑜•* A = 	 𝑐•* < 𝑘2𝑘5 − 𝑘2 𝑒OHJA − 𝑒OHKA 			𝐸𝑞. 2.15	
	
Since	c•+	 and	o•+	forms	of	2.2	and	2.3	have	overlapping	peaks,	 the	model	 for	 the	absorbance	at	𝜆]^_,?@• 	must	take	into	account	the	absorbance	of	both	c+•	and	o+•	forms	at	such	wavelength	𝐴𝑏𝑠	TUVW,[@• = 𝜀E@•^ATUVW,[@• 𝑐*• <𝑒OHJA + 𝜀?@• 𝑐*• < 𝑘2𝑘5 − 𝑘2 (𝑒OHJA − 𝑒OHKA)							𝐸𝑞	2.16	
	
This	was	the	equation	fit	to	the	experimental	evolution	of	the	time	observation	for	the	absorbance	
at	 𝜆]^_,?•+ 	.	 The	 non-photochemical	 reaction	 rate	 constant	 k2(c·+-o·+)	 increased	 by	 3-orders	 of	
magnitude	from	2.3	to	2.1	(Table	2.3),	which	is	in	good	agreement	with	the	relative	increase	of	zero-
order	reaction	rate	constants	(Figure	2.5).	The	acceleration	in	the	non-photochemical	cycloreversion	
reaction	by	 the	 introduction	of	phenyl	 groups	was	 far	more	prominent	 in	 the	oxidized	 form	 (c·+)	 in	

















	 lmax(C·+)	obs	 lmax(C·+)	calc	 lmax(O·+)	obs	 lmax(O·+)	calc	
2.1	 430	 460	 730	 750	








The	 solutions	 containing	 c	 forms	were	mixed	with	decreasing	 equivalents	 (ranging	5	 to	 0.1	
mol%)	of	TBPA	and	 the	decay	of	absorbance	peaks	at	lmax	 in	 the	visible	 region	were	 recorded.	The	
amount	 of	 c	 form	 converted	 to	o	 form	 (as	measured	 in	 change	 in	 absorbance)	was	 divided	by	 the	







quantitative	 non-photochemical	 isomerization.	 2.1c	 was	 found	 to	 have	 the	 highest	 reaction	 chain	





2.3.5	DFT	calculations.	To	gain	 further	 insight	about	cycloreversion	 in	 the	 radical	 state,	
energy	differences	(DE)	between	o	and	c	forms	were	estimated	by	DFT	calculations	for	both	the	
neutral	 and	 radical	 cationic	 states	using	Gaussian	09	 suite	of	programs.[33]	 For	 the	geometry	
optimization,	the	B3LYP	functional	with	the	6-31G+(d)	basis	set	was	employed	in	the	gas	phase.	
Photochromic	reactive	conformations	with	C2-symmetry	about	the	6p-system	were	employed	




Matsuda	 and	 co-workers	 proposed	 a	 hypothesis	 that	 the	 direction	 of	 oxidative	
isomerization	reaction	can	be	deduced	from	the	relative	potential	energies	of	c·+	and	o·+	form.[20]	
The	o·+	forms	are	more	stable	than	the	c·+	forms	(DE	>	0)	for	2.1	and	2.2,	suggesting	that	these	molecules	
could	 undergo	 spontaneous	 cycloreversion	 reaction	 upon	 oxidation	 (Figure	 2.8).	 The	 values	 of	DE	
increased	in	order	of	2.3,	2.2	and	2.1	for	the	radical	cationic	state.	This	order	accords	well	with	

















2	by	distributing	 the	 spin	 (Figure	2.9).	The	 spin	density	was	calculated	 to	be	distributed	 in	a	
similar	 region	 for	 all	 c·+-	 forms.	 The	 substituents	 seem	 to	 have	 negligible	 effect	 on	 the	
delocalization	of	 spin	 in	 the	 c·+	 forms	probably	because	 they	orthogonally	 stick	 to	 the	planar	
fused	 cycle	 without	 conjugation.	 Meanwhile,	 spin	 delocalization	 clearly	 extended	 to	 the	
aromatic	substituents	on	the	reactive	carbon	atoms	for	2.1o·+	and	2.2o·+	forms.	This	delocalization	
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c·+	 and	 o·+	 forms.	 This	 is	 especially	 promising	 because	 electron	 transfer	 could	 also	 be	 observed	 by	







Due	 to	 the	 nature	 of	 the	 conical	 intersection,	 it	 seems	 difficult	 to	 design	 molecules	 exclusively	
























































































Practical	and	 logistical	 constraints	of	 scanning	 tunneling	microscopy	 (STM)	such	as	machine	










molecules	 to	 harbor	 functional	 groups	 which	 could	 be	 valuable	 for	 STM	 investigations.	 Results	
presented	in	this	chapter	were	published	in	the	article:	
Synthesis	 and	 photochromism	 of	 chloro-	 and	 tert-butyl-
functionalized	 terarylene	 derivatives	 for	 surface	 deposition,	 by	







STM	 because	 of	 the	 following	 	 substituents:	 they	 show	 bright	 contrast	 in	 STM	 images,	 minimize	
aggregation	on	the	surface,	and	slightly	decouple	the	electronic	properties	of	the	molecule	from	the	









3.6o.	 4-bromo-2-(3,5-di-tert-butylphenyl)-5-methylthiazole	 (3.8)	 was	 synthesized	 from	 the	
commercially	 available	 2,5-di-tert-butyl-1-bromobenzene.	 It	 was	 first	 coupled	 with	 4,5-















to	 the	 central	 rings	 2,3-dibromobenzothiophene	 and	 4,5-dibromo-2-phenylthiazole	 respectively.	















We	 opted	 for	 consecutive	 coupling	 to	 these	 different	 positions.	 For	 3.1o	 (Scheme	 3.2),	 4-
bromo-5-methyl-2-phenylthiazole[14]	 was	 first	 connected	 to	 the	 3-position	 of	 the	 benzothiophene	
substituent	by	Suzuki	coupling	with	the	commercially	available	benzo[b]thien-3-ylboronic	acid	to	yield	
4-(benzothiophen-3-yl)-2-phenyl-5-methylthiazole	 (3.12).	 Only	 then	 was	 the	 second	 5-methyl-2-
phenylthiazol-4-yl	 derivative	 attached	 to	 the	 electron-poor	 carbon	 in	 the	 2-position	 by	 C-H	 direct	
arylation	using	Pd(OAc)2,	Cs2CO3,	pivalic	acid,	di-tert-butyl(methyl)phosphonium	tetrafluoroborate	 in	
















The	 same	 consecutive	 coupling	 reactions	 were	 utilized	 to	 synthesize	 respective	 tert-butyl	



























	 λmax,o(ε)[a]	 λmax,c(ε)[b]	 φo-c[c]	 φc-o[d]	 λmax,o,	calc[e]	 λmax,c,	calc[f]	
3.1	 308(3.51)	 600(1.04)	 0.95	 0.02	 297	 640	
3.2	 327(3.21)g	 591(1.32)f	 0.5	 0.03f	 294	 632	
3.3	 310(3.43)	 595(1.06)	 0.94	 0.03	 310	 635	
3.4	 318(3.21)	 594(1.31)	 0.5	 0.04	 295	 632	
3.5	 313(3.40)	 607(1.12)	 0.95	 0.02	 303	 654	













Similar	 peaks	 centered	 around	 600	 nm	were	 observed	 for	 the	 closed	 forms,	 with	 a	 fine	 structure	
appearing	for	those	of	3.4c	and	3.6c	similar	to	that	reported	for	3.2c.	All	these	compounds	displayed	
clear	isosbestic	points	at	about	350	nm,	supporting	the	well-defined	two-component	reaction	in	Figure	













It	 can	 be	 noted	 that	 the	 photocyclization	 quantum	 yield	 of	 3.1o	 and	 its	 derivatives	 slightly	






















On	 the	 other	 hand,	 photocyclization	 quantum	 yields	 of	 3.2o	 and	 its	 derivatives	 slightly	
increased	to	50	%.	A	similar	comparison	of	NMR	spectra	in	cyclohexane	and	in	dichloromethane	showed	
no	difference	in	the	aromatic	peaks.	On	the	other	hand,	methyl	peaks	are	closer	to	each	other	(Figure	























After	 the	 geometry	 optimizations,	 we	 did	 TD-DFT	 to	 predict	 the	 absorption	 spectra	 of	 all	
compounds.	These	predict	the	observed	lmax	values	quite	well	(Table	3.1).	It	is	noteworthy	that	TD-DFT	
calculates	 similar	absorption	spectra	 for	corresponding	molecules	whether	or	not	 the	auxiliary	tert-
butyl	or	chloro	groups	were	attached	(Figure	3.5).	
To	 gain	 insight	 about	 the	 observed	 photochemistry	 observed	 and	 predict	 the	 behavior	 of	
molecules	under	vacuum,	a	closer	look	at	the	geometry	of	the	compounds	is	needed.	Similar	results	as	
published	for	3.1o[1]	were	obtained	for	its	derivatives.	For	3.5o,	the	distance	between	the	sulfur	atom	






the	 strong	 intramolecular	 interactions	 involved	 in	 keeping	 3.1o	 in	 its	 reactive	 conformation	 are	
maintained	 for	 its	 derivatives	 3.3o	 and	 3.5o.	 This	 rationalizes	 the	 similarly	 high	 photocyclization	
quantum	 yields	 observed	 for	 these	 three	 compounds.	 Similarly,	 the	 geometries	 of	 reactive	
conformations	of	3.4o	and	3.6o	are	relatively	the	same	to	that	of	3.2o	(Figure	3.4).	These	calculations	















Torsional	 energy	 scans	 yielded	 three	 minima:	 the	 first	 one	 corresponds	 to	 the	 anti-parallel	
conformation	which	has	both	the	S-N	and	N-H	interactions	(3.3o-C0);	the	second	one	preserved	only	
the	N-H	(3.3o-C1)	and;	the	last	one	only	the	S-N	interaction	(3.3o-C2	Figure	3.6)	Then,	the	structures	of	


















3.3o-C0	 3.3o-C1	 3.3o-C2	 3.4o-C0	 3.4o-C1	 3.4o-C2	
298.15	 94	 4	 2	 6	 89	 5	












































distance	 between	 respective	 tert-butyl	 groups	 at	 2.0	 nm	 and	 between	 the	 benzo-group	 of	 the	
56		
benzothiophene	moiety	 and	 the	methyl	 groups	 at	 9	 Å	 (Figure	 3.7b).	 Based	 on	DFT	 predictions,	we	






















Moreover,	 we	 showed	 in	 this	 chapter	 that	 this	 family	 of	 compounds	 have	 majority	 of	 its	
population	(in	solution	and	ingaseous	state)	in	the	non-reactive	conformation.	We	therefore	chose	3.1o	
and	3.3o	 for	 initial	 STM	experiments	 because	majority	 of	 their	 population	 is	 expected	 to	 be	 in	 the	




























































such	 as	 photovoltaic	 devices	 and	molecular	 circuits.	 In	 this	 chapter,	 we	 present	 a	 new	 bottom-up	
approach	 to	 form	such	assemblies	on	 surfaces	by	a	 technique	 that	utilizes	an	electric	 field	 induced	
between	the	STM	tip	and	the	surface.	These	results	were	published	in	the	article:	
Scanning	 Tunneling	 Microscope	 Tip-Induced	 Formation	 of	 a	
Supramolecular	Network	of	Terarylene	Molecules	on	Cu(111),	by	





Bottom-up	 approaches	 relying	 on	 supramolecular	 interactions	 are	 foundations	 for	 new	
molecular-scale	machines,	switches,	and	other	nanoscale	energy	transfer	devices.[1]	For	photovoltaic	
or	molecular	 circuit	 applications,	 it	 is	 necessary	 to	 address	 candidate	molecules	 or	 supramolecular	
structures	 on	 a	 solid	 surface	 so	 that	 enormous	 research	 attention	 is	 focused	 on	 supramolecular	
interactions	and	functions	in	2D	assemblies.[2-3]	These	studies	deal	with	one	less	dimension	than	that	of	
solution-based	supramolecular	chemistry.	That	is,	whereas	for	a	(supra)molecule	in	three-dimensional	
space,	 there	 are	 three	 degrees	 of	 freedom	 for	 translational	motion	 and	 two	 or	 three	 for	 rotation	
(depending	on	the	shape	of	the	molecule),	these	are	each	reduced	by	one	in	two-dimensions	due	to	
the	hindrance	induced	by	the	solid	surface.	In	this	sense,	the	solid	substrate	affords	an	orientation	to	
the	 system	 under	 study.[2]	 However,	 the	 presence	 of	 such	 surface	 also	 necessitates	 other	
considerations	such	as	new	symmetry	elements	and	surface-molecule	interactions.[2-3]	
In	 addition,	 developments	 in	 real-space	 imaging	 of	 periodic	 2D	 networks	 via	 the	 scanning	
tunneling	microscope	(STM)	coupled	with	other	techniques	allowed	deeper	understanding	of	molecule-
molecule	 and	 molecule-substrate	 interactions.[1-3]	 Due	 to	 these,	 new	 techniques	 to	 induce	 the	
formation	 of	 surface	 supramolecular	 assemblies	 have	 recently	 been	 developed.	 These	 include:	 (1)	











scanning	tunneling	microscope	(STM)	therefore	can	be	a	potential	 trigger	 to	 induce	the	ordering	of	
molecules	on	a	surface.	External	electric	field-induced	molecular	reorientation	in	a	molecular	junction	









shown	 on	 Figure	 4.1.	 Diarylethene	 assemblies	 in	 the	 solid-liquid	 interface[20-26]	 and	 self-assembled	

















through	 a	 bias	 pulse	 from	 an	 STM-tip	 could	 induce	 the	 spontaneous	 formation	 of	 assemblies	 of	
molecules	without	any	solvent	under	ultra-high	vacuum	conditions.	
3.1o	 was	 synthesized	 as	 previously	 reported.[33]	 STM	 experiments	 were	 performed	 in	 an	
Omicron	low-temperature	scanning	tunneling	microscope	(LT-STM)	working	at	a	base	pressure	of	1.5	x	






























and	 imaging	at	 -1.0	V	and	1pA	shows	 the	 formation	of	 islands	with	well-defined	 rows	of	molecules	
62		
(Figure	4.2b).	The	adatom	(Figure	4.2a-b,	yellow	arrows)	served	as	a	landmark	to	ensure	that	the	same	
region	was	 imaged.	Between	 the	dashed	white	 lines	on	Figure	4.2b,	 some	molecules	 rearranged	 to	
form	two	ordered	rows	of	molecules.	The	applied	bias	pulse	seemed	to	be	insufficient	to	overcome	the	
already	highly	entropic	island	of	molecules.	The	surrounding	disordered	molecules	seemed	to	prevent	












The	new	 island	has	 two	 regions	A	 and	B	 (Figure	4.3a).	 Both	 regions	 are	 composed	of	well-








The	 disorder	 between	 two	 regions	 in	 Figures	 4.3	 a	 and	 b	 seems	 to	 be	 the	 direct	 effect	 of	






induce	 network	 formation	whereas,	 at	 3	 V,	 the	 assembly	 could	 be	 induced	 90	%	 of	 the	 time.	 The	
tunneling	current	during	scanning	does	not	to	affect	the	stable	assemblies	as	there	are	no	spontaneous	
changes	in	the	assembly	during	scanning	of	the	islands	(Figure	4.3a-c).	This	is	unlike	the	observation	by	














The	 stability	 of	 the	 network	 suggests	 that	 the	 intermolecular	 forces	 among	molecules	 are	















and	 no	 covalent	 bond	 nor	 charge	 transfer	 is	 happening	 upon	 deposition.	 Further,	we	 discount	 the	
possibility	of	degradation	of	molecules	because	we	did	not	observe	any	fragments	of	molecules	before	














rings,	 we	 postulated	 π-stacking	 interactions	 as	 the	main	 intermolecular	 interactions	 stabilizing	 the	


































STM	 tip.	 During	 deposition,	 the	molecule	 is	 first	 sublimated	 at	 about	 200°C	 before	 it	 lands	 on	 the	




























Temp	/	K	 C0	 CN-H	 CS-N	
298.15	 94	 4	 2	


















moment	of	 the	molecule	 is	mainly	due	to	 the	aromatic	 thiazole	rings	with	the	benzothiophene	ring	
having	almost	no	net	charge.	Then,	the	negative	end	of	the	dipole	moment	is	located	around	the	center	
of	the	triangular	molecule	coplanar	with	the	nitrogen	atoms	of	the	thiazole	rings.	The	diffusive	mobility	








moment.	 A	 large	 number	 of	 molecules	 seems	 to	 be	 necessary	 so	 that	 intermolecular	 forces	 (π-π	
stacking)	and	surface-molecule	interactions	could	be	strong	enough	to	takeover	resulting	to	assemblies	
being	extended	and	stabilized.		The	electric	field	is	therefore	instrumental	in	inducing	a	change	in	the	
system	 from	a	disordered	state	 to	an	ordered	one	stabilized	by	 intermolecular	 forces	of	attraction,	












conditions,	 we	 succeeded	 to	 induce	 the	 formation	 of	 an	 ordered	 supramolecular	 self-assembled	
network	from	a	disordered	system.	To	the	best	of	our	knowledge,	this	is	the	first	report	utilizing	the	
well-known	electric-field-induced	realignment	of	molecules	to	form	assemblies	 in	ultra-high	vacuum	
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case	 of	 our	molecule,	 the	 switching	 properties	 seem	 to	 be	 lost.	We	 explain	 both	 (1)	 the	 origin	 of	
improved	contrasts	and	the	(2)	lost	of	switching	properties	by	DFT	calculations.	Further,	3.3o	displays	
several	 conformations	 on	 a	 solid	 surface	 despite	 the	 strong	 forces	 that	 keep	 it	 in	 its	 reactive	






STM	 and	 DFT	 Study,	 by	 J.P.D.C.	 Calupitan,	 O.	 Guillermet,	 O.	






experimental	 details.)	 Figure	 5.2a	 shows	 bare	 atomically-flat	 Ag(111)	 surface	while	 5.2b	 shows	 the	



































We	 therefore	 proceeded	 to	 image	 3.3o	 which	 has	 tert-butyl	 groups	 that	 could	 prevent	
aggregation.[2-5]	Further,	these	tert-butyl	groups	were	shown	to	preserve	the	excellent	photoswitching	












labelled	 as	 Forms	 1,2,	 and	 3.	 This	 could	 be	 due	 to	 the	 presence	 of	 different	 surface	 absorption	












and	14%.	Some	molecules	 looked	 like	 they	 started	 to	aggregate	 (Figure	5.5a	dark	 circles)	but	upon	
zooming	in	on	them,	they	could	still	be	discriminated	into	different	forms	(Figure	5.5b-c).	It	must	be	
noted	that	majority	of	molecules	observed	(>95	%)	are	found	on	the	metallic	surface	rather	than	on	































rectangular	 arrangement	 of	 Form	 1	 (Figure	 5.7).	 One	 side	 roughly	maintains	 a	 2.2	 nm	 length	 and	
another	at	1.2	nm	width	previously	seen.	The	other	side	appears	to	be	lifted	from	the	surface	so	that	
the	central	part	is	brighter	(Figure	5.7a).	These	are	reminiscent	of	cis-azobenzene	studied	by	L.	Grill	et	
al.[6-7]	 We	 therefore	 postulate	 that	 this	 form	 is	 a	 stable	 rotational	 conformation	 of	 the	 molecule	




be	 observed.	 In	 the	 gaseous	 state,	 3.3o	 is	 not	 chiral	 per	 se	 but	 the	 dissymmetry	 due	 to	 the	
benzothiophene	moiety	may	render	it	chiral	once	adsorbed.	Figure	5.8c	illustrates	this	for	one	of	the	
















































We	 postulate	 the	 existence	 of	 different	 conformers	 of	 3.1o	 on	 the	 surface	 because	 of	 the	
variety	 of	 forms	 observed.	 In	 order	 to	 understand	 these	 experimental	 STM	 images	 vis-à-vis	 such	
plurality	of	conformations,	we	performed	a	comprehensive	computational	study	to	obtain	adsorption	








































































































rings	 are	 locked	 on	 the	 same	 rigid	 plane	 which	 attempts	 to	 approach	 the	 surface	 to	 maximize	
adsorption	energies	despite	the	steric	hindrance	due	to	CH3	groups.	 In	the	trans	 isomer,	the	methyl	



















































Comparing	 the	 experimental	 images	 (Figure	 5.6)	 and	 ESQC	 calculations	 (Figure	 5.11c),	 we	
assign	the	observed	Form	1	to	a	trans1	(Figure	5.11a,b).	Figure	5.11a,	however,	shows	only	one	of	four	
possible	adsorption	geometries	of	this	trans	conformation.	Whereas	in	solution	at	ambient	conditions,	
with	 a	 high	 thermal	 energy	 and	 with	 unhindered	 rotational	 movements,	 the	 difference	 between	
molecular	conformations	may	be	considered	trivial,	on	a	two	dimensional	surface	at	a	single-molecular	
level,	different	conformations	of	the	molecule	are	expected	due	to	interactions	with	the	substrate.[14]	
Because	 of	 the	 dissymmetry	 of	 the	 central	 benzothiophene	 ring,	 another	 possible	 unique	 surface	
conformation	may	come	up	from	exchanging	which	thiazole	ring	lies	flat	on	the	surface	and	which	one	
protrudes	 from	 it.	 Whereas	 Figure	 5.11a	 shows	 the	 thiazole	 ring	 attached	 at	 the	 3-position	 of	
benzothiophene	 protruding	 from	 the	 surface,	 another	 possibility	 is	 that	 the	 thiazole	 ring	 at	 the	 2-
position	of	benzothiophene	is	the	one	protruding	from	the	surface.	Further,	the	reduction	of	symmetry	
elements	 in	 two	 dimensions	 may	 induce	 chirality,[15-16]	 so	 that	 the	 enantiomers	 of	 these	 two	
conformations	are	also	expected	resulting	to	four	possible	surface	adsorption	geometries.	The	lack	of	
STM	contrast	on	the	central	part	of	the	isomer,	however,	renders	calculations	to	find	the	adsorption	






Figure	5.11d	 is	 similarly	one	of	 four	possible	 surface	 conformations	of	 3.3o	 trans2.	Another	
possibility	is	that	the	sulfur	atom	from	the	other	side	of	the	thiazole	group	could	be	interacting	with	a	
silver	atom.	These	two	possibilities	could	have	enantiomeric	forms,	bringing	the	total	number	of	surface	
configurations	 to	 four.	 Meanwhile,	 Figure	 5.11g	 corresponds	 to	 3.3o	 C2	 (Figure	 3.6)	 deposited	 on	
Ag(111).	The	STM	contrast	in	the	ESQC	calculated	image	seems	to	be	mainly	due	to	six	methyl	groups:	
two	from	the	thiazole	rings	and	four	 from	the	 tert-butyls.	The	case	would	be	similar	 if	3.3o	C1	were	
instead	adsorbed	on	the	surface.	Aside	from	these	two,	their	respective	enantiomers	would	also	be	




and	 using	 the	 relative	 energy	 differences	 of	 the	 trans	 and	 cis	 conformations	 (Figure	 3.6),	 this	








The	 central	part	of	 the	molecule	 is	 the	main	 source	of	dissymmetry	of	3.3o.	Given	 the	 low	
resolution	 obtained	 for	 the	 central	 bright	 part,	 it	 is	 unnecessary	 to	 find	 conformations	 of	 other	
enantiomeric	forms	by	DFT.	Instead,	we	prioritized	in	our	calculations	the	question	of	the	possibility	
that	these	forms	may	correspond	to	cyclization	products,	the	closed	isomers,	which	has	cis	and	trans	




the	metallic	 surface	and	 classical	 diarylethenes	may	 reverse	 the	 relative	 stabilities	of	 the	open	and	
closed	forms	so	that	closed	forms	may	appear	when	induced	thermally.[12]	Franke	and	co-workers	on	
the	other	hand	showed	that	thermal	processes	induced	by	the	STM	tip	result	to	the	formation	of	the	













Franke’s	 group[13]	 performed	 switching	 using	 tunneling	 electrons	 from	 the	 STM	 tip.	 We	




silver-sulfur	 interactions.	 These	may	have	drastically	modified	 the	MOs	of	 3.3o	 especially	 that	Ag-S	





















It	 is	 interesting	 to	 note	 that	 the	 calculated	 Eads	 for	 the	 unsubstituted	 terarylenes	with	 five	
aromatic	rings	are	almost	five	times	higher	than	that	calculated	for	benzene	and	its	derivatives.[9]	This	


















solution.[2]	 This	 could	 be	 due	 to	 the	 imaging	 of	 transient	 states	 due	 to	 the	 increased	 lifetime	 of	
electrons/holes	on	the	NaCl	layer.[17-20]	
Scanning	 at	 positive	 bias	 voltage	means	 accessing	 unoccupied	 states	while	 a	 negative	 bias	
probes	occupied	states.	The	loss	of	contribution	from	the	large	tert-butyl	groups	on	STM	images	at	very	
positive	and	very	negative	voltages	leads	us	to	believe	that	the	measured	current	at	these	conditions	is	









In	 this	 chapter,	 we	 compared	 the	 adsorption	 of	 a	 non-functionalized	 (3.1o)	 and	 tert-butyl	




















to	 the	MOs	 in	 the	 gas	 phase,	 allowing	 us	 to	 gain	 access	 to	 electronic	 states.	 The	 tert-butyl	 group	
therefore	could	serve	another	purpose	of	tagging	topographical	states	and	ensuring	that	at	some	bias	
potentials,	only	electronic	states	could	be	imaged.	
Given	 the	 two-dimensional	 solid	 substrate	 is	 a	 new	 medium	 for	 new	 surface-molecule	
interactions,	this	study	contributes	a	significant	insight	to	how	a	functional	group	may	behave	on	2D.	
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a	 careful	 understanding	 of	 molecular	 design	 principles.	 All	 throughout	 the	 preceding	 chapters,	 a	
constant	 exchange	 between	 understanding	 and	 control	 of	 molecular	 properties	 based	 on	 how	
individual	parts	of	the	design	of	molecules	affect	the	observed	properties	were	evident.	
We	 first	 gave	 a	 background	 on	 photoswitching	 materials	 with	 a	 particular	 focus	 on	
diarylethenes,	 scanning	 tunneling	microscopy	 (STM),	 and	 STM	 studies	 on	 diarylethenes	 in	 the	 first	
chapter.	We	started	with	a	historical	background	on	how	photons	lighted	the	way	towards	the	isolation	
of	the	cis	form	of	azobenzene;	this	was	one	of	the	first	photochromic	switching	materials	developed,	
leading	 to	 other	 photoswitches	 such	 as	 spiropyrans,	 fulgides,	 and	 diarylethenes.	 Diarylethenes	 are	
sought	 for	 applications	 in	 miniaturized	 electronics	 such	 as	 memories	 and	 switches	 due	 to	 their	
isomerization	between	two	stable	states,	the	thermal	stability	of	these	two	isomers,	fatigue	resistance,	
high	sensitivity,	among	others.	Modification	of	their	central	ring	to	an	aromatic	ring,	to	produce	the	





showed	 in	 chapter	 1	 the	 need	 for	 scanning	 tunneling	 microscopy	 (STM)	 studies	 on	
diarylethenes/terarylenes.	By	giving	a	brief	history	of	the	major	devlopments	on	STM,	we	illustrated	
that	 it	 can	 be	 a	 powerful	 technique	 to	 address	molecules	 in	 the	 nanoscale.	We	 then	 showed	 how	
different	properties	observed	under	the	STM	either	at	the	solid-liquid	interface,	ultra-high	vacuum,	or	
ambient	conditions,	could	be	rationalized	by	their	structures.	
Constrained	 by	 practical	 factors	 such	 as	machine	 availability,	we	 invested	 time	 to	 carefully	
choose	and	develop	terarylenes	to	be	prioritized	for	STM.	For	this,	we	chose	the	criteria	of	sensitivity	
as	the	applications	sought	require	that	switching	be	accomplished	with	minimum	amount	of	switching	
stimuli.	 We	 showed	 in	 Chapter	 2	 two	main	 strategies	 to	 increase	 the	 sensitivity	 of	 terarylenes	 to	
photocyclization	and	cycloreversion	by	oxidative	electron	transfer	chain	reaction.	Such	strategies	were	
based	 on	 intramolecular	 forces	 of	 attraction	 and	 design	 of	 electronic	 states	 of	 the	molecules.	 For	
photocyclization,	it	suffices	to	control	the	ground	state	geometry	of	the	compounds	by	intramolecular	
forces	 that	 lock	 the	molecules	 in	 their	 reactive	 conformations.	 For	 cycloreversion,	 a	 control	 of	 the	
equilibrium	 between	 charged	 radical	 states	 of	 the	 o	 and	 c	 forms	 by	 designing	 groups	 that	 could	
stabilize/destabilize	the	charges	was	necessary.	With	these,	we	demonstrated	that	we	could	increase	









switching	 properties	 of	 the	 original	 compounds.	 DFT	 calculations	 further	 predicted	 that	 several	
conformations	 of	 3.3o	 may	 be	 observed	 on	 the	 surface	 due	 to	 heating	 during	 deposition	 of	 the	






molecules	 formed.	 Between	 the	 tip	 and	 surface,	 an	 electric	 field	 induced	 the	 alignment	 of	 these	
molecules	due	 to	 their	polarity.	These	networks	were	 found	 to	be	 stabilized	by	π-π	 interactions	 for	
several	hours.	This	presents	a	new	bottom-up	approach	to	construct	supramolecular	assemblies	on	2D	






led	 us	 to	 investigate	 3.3o	 instead,	 since	 its	 tert-butyl	 groups	 allowed	 for	 the	 identification	 of	 the	
molecules	on	the	surface.	We	did	observe	several	conformations	of	the	molecule.	With	the	aid	of	DFT	





Thus,	 we	 showed	 the	 importance	 of	 molecular	 design	 to	 understand,	 control,	 and	 even	
rationalize	properties	and	phenomena	from	the	macroscale	(e.g.	photoisomerization	quantum	yields	
and	cycloreversion	dynamics)	down	to	the	nanoscale	(e.g.	electric-field	 induced	assembly	formation	




switching	 under	 ultra-high	 vacuum	 conditions.[1-2]	 Even	 in	 the	 solid-liquid	 interface,	 switching	 was	
shown	to	happen	in	the	liquid	phase	instead	of	the	surface.[3]	Given	that	the	surface	drastically	changes	




With	 the	 combined	 power	 of	 molecular	 design	 and	 STM	 technique,	 aspects	 other	 than	










(quantum	yield)	of	acid	 release.[14-18]	The	resulting	side-product	however,	 is	a	 flat	aromatic	network	
which	could	be	considered	as	a	derivative	of	 sulfur-	or	nitrogen-doped	graphene.	Compound	1.9[13]	
(Chapter	1,	Scheme	1.8)	and	related	compounds[14-18]	could	therefore	be	studied	by	STM	as	well,	but	
instead	 of	 light,	 inelastic	 electrons	 could	 be	 used	 to	 form	 the	 c	 form,	while	 the	 generation	 of	 the	
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4,5-Bis-(diphenylphosphino)-9,9-dimethylxanthene	 (Xantphos),	 lithium	 diisopropylamide,	
iodomethane,	 tetrakis(triphenylphosphine)palladium,	 benzothiophene-3-boronic	 acid,	 di-tert-










chromatography	 were	 performed	 with	 HPLC	 grade	 solvents	 on	 a	 Spot	 ultimate	 automatic	







2.3o[2]	 were	 synthesized	 as	 previously	 reported.	 	 Synthesis	 of	 2.1o	 was	 accomplished	 as	 shown	 in	
Scheme	2.4.	Details	are	as	follows:	
	
4,5-bis(2,5-diphenylthiazol-4-yl)-2-phenylthiazole	 (2.1o).	 A	 100	mL	 2-necked	 flask	was	 charged	with	
0.11	 g	 of	 2.4	 (1	 eq),	 bromobenzene	 (0.090	 g,	 2.5	 eq),	 di-t-
butylmethylphosphine	 tetrafluoroborate	 (0.12	 g,	 0.2	 eq),	
CsCO3	(0.30	g,	4	eq),	Pd(OAc)2	(0.010	g,	0.2	eq)	and	pivalic	acid	
(0.014	g,	0.6	eq)	in	4	mL	mesitylene.	The	mixture	was	refluxed	
at	 150	 oC	 overnight.	 The	 mixture	 was	 filtered	 by	 celite,	
extracted	to	ethyl	acetate,	washed	with	water,	and	dried	over	









4,5-bis(2-phenylthiazol-4-yl)-2-phenylthiazole	 (2.4).	 A	 100	mL	 2-necked	 flask	was	 charged	with	 4,4-





organic	 layer	 was	 extracted	 with	 chloroform,	 washed	 with	
water,	 and	 dried	 over	 anhydrous	 Na2SO4.	 The	 sample	 was	
then	filtered	and	concentrated	by	vacuum	evaporation.	Silica	





Synthesis	 of	 2,3-bis(5-methyl-2-phenylthiazol-4-yl)benzothiophene	 (3.1o).	 A	 dry	 Schlenck	 flask	 was	




tetrafluoroborate	 (0.008	 g,	 0.1	 eq,	 0.03	 mmol),	 palladium	







Synthesis	 of	 4,5-bis(5-methyl-2-phenylthiazol-4-yl)-2-phenylthiazole	 (3.2o).	 3.2o	 was	 synthesized	 by	
the	same	procedure	as	3.1o	to	couple	3.13	and	4-bromo-5-










synthesized	 by	 the	 same	 procedure	 as	 3.1o	 to	
couple	3.14	and	3.8	by	C-H	direct	arylation.		From	
3.14	(0.25	g,	1.0	eq,	0.59	mmol),	3.8	(0.24	g,	1.1	eq,	
0.65	 mmol),	 pivalic	 acid	 (0.018	 g,	 0.3	 eq,	 0.18	
mmol),	cesium	carbonate	(0.39	g,	2	eq,	1.18	mmol),	
di-tert-butylmethylphosphonium	
tetrafluoroborate	 (0.014	 g,	 0.1	 eq,	 0.05	 mmol),	
palladium	acetate	 (0.06	 g,	 0.03	mmol,	 0.05	 eq,	 5	





139.92,	 136.12,	 133.43,	 133.05,	 131.54,	 131.45,	 128.69,	 124.95,	 124.56,	 124.47,	 124.36,	 124.23,	










tetrafluoroborate	 (0.017	 g,	 0.1	 eq,	 0.034	 mmol),	
palladium	acetate	 (0.008g,	0.05	eq,	0.034	mmol),	








Synthesis	 of	 2,3-bis(5-methyl-2-[4-chlorophenyl]thiazol-4-yl)benzothiophene	 (3.5o).	 3.5o	 was	




mmol),	 cesium	 carbonate	 (0.46	 g,	 2.0	 eq,	 1.39	
mmol),	 di-tert-butylmethylphosphonium	









Synthesis	 of	 4,5-bis(5-methyl-2-[4-chlorophenyl]thiazol-4-yl)-2-phenylthiazole	 (3.6o).	 3.6o	 was	
synthesized	 by	 the	 same	 procedure	 as	 3.1o	 to	





tetrafluoroborate	 (0.007	 g,	 0.1	 eq,	 0.027	 mmol),	





133.62,	 133.59,	 132.83,	 132.26,	 132.07,	 130.42,	 129.28,	 129.10,	 128.82,	 128.61,	 127.66,	 127.53,	
126.74,	12.95,	12.50	ppm;	HRMS	(EI):	m/z	calcd	for	C29H19N3Cl2S3	[M]+:	575.0018;	found:	575.0107.	
	
Scheme	3.1	shows	the	synthetic	 route	 to	access	 the	side	2-phenyl-thiazo-5-yl	groups	 (3.8	and	3.11)	
necessary	for	compounds	3.3o	-	3.6o.	Following	are	the	details:	




mL,	 16.71	 mmol,	 2.4	 eq)	 and	 the	 solution	 was	 slowly	 heated	 to	 room	
temperature	 overnight.	 Then,	 5	 mL	 of	 aq.	 6M	 HCl	 was	 added	 and	 the	
solution	was	stirred	for	another	three	hours.	200	mL	of	water	was	added	
and	 the	 precipitate	 was	 collected,	 washed	 with	 water,	 and	 dried	 in	 vacuo	 to	 generate	 a	 white	
precipitate.	 The	 product	 was	 used	 without	 further	 purifications.	 	 This	 was	 then	 charged	 with	 2,4-














(1	 eq,	 3.4	 mmol)	 in	 THF	 at	 -78	 °C	 and	 stirred	 for	 15	 mins.	 Then,	
iodomethane	(0.77	g,	1.6	eq,	5.42	mmol)	was	added	and	the	mixture	was	
stirred	at	 the	 same	 temperature	 for	an	additional	2	hours.	The	solution	
was	then	slowly	warmed	to	room	temperature	before	quenching	with	20	
mL	 2M	 aqueous	 ammonium	 chloride.	 The	 product	 was	 extracted	 with	











were	 dried	 over	 MgSO4,	 filtered,	 and	 dried	 in	 vacuo.	 Purification	 by	 column	







N-bromosuccinimide	 (2.00g,	1.1eq,	11.2	mmol)	 in	50	mL	DMF	was	 stirred	and	 refluxed	
overnight.	Then,	the	mixture	was	allowed	to	cool	to	room	temperature,	diluted	with	water,	
extracted	with	ether	and	washed	with	brine.	The	combined	organic	phases	were	dried	over	






















with	 4-bromo-5-methyl-2-phenylthiazole[1]	 (0.476	 g,	 1	 eq,	 1.87	 mmol),	
benzothiophene-3-boronic	 acid	 (0.596	 g,	 1.5	 eq,	 2.81	 mmol),	 potassium	
phosphate	 (596	 g,	 1.5	 eq,	 2.81	 mmol),	 and	
tetrakis(triphenylphosphine)palladium	(0.064	g,	0.03	eq,	0.056	mmol)	under	
Ar	 atmosphere.	 DME	 (37.5	mL)	 and	water	 (18.7	mL)	were	 added	 and	 the	
solution	was	refluxed	at	60	oC	for	24	hours.	The	solution	was	then	cooled	to	
room	temperature	before	extracting	with	ethyl	acetate,	washed	with	water,	




134.60,	 133.89,	 130.66,	 130.54,	 129.86,	 129.00,	 127.78,	 126.42,	 125.77,	 124.67,	 124.50,	 124.46,	
122.61,	12.81	ppm;	HRMS	(EI):	m/z	calcd	for	C18H13NS2	[M]+:	307.0489;	found:	307.0487.	
	
Synthesis	 of	 2-phenyl-5-methyl-4-(2-phenylthiazol-4-yl)-thiazole	 (3.13).	 A	 solution	 of	 4-bromo-5-






















phosphate	 (0.21	 g,	 1.5	 eq,	 0.96	 mmol),	










Synthesis	 of	 2-(3,5-di-tert-butylphenyl)-5-methyl-4-(2-phenylthiazol-4-yl)-thiazole	 (3.15)	 3.15	 was	
prepared	by	the	same	procedure	as	3.13	except	that	4-bromo-5-methyl-
2-phenylthiazole	 was	 replaced	 by	 3.8.	 From	 3.8	 (0.262	 g,	 1	 eq,	 1.09	
mmol),	 4-bromo-2-phenylthiazole	 (0.261g,	 1	 eq,	 1.09	 mmol),	 n-
butyllithium	(0.57	mL	2.5	M,	1.3	eq,	1.42	mmol),	trimethyl	borate	(0.86	
g,	7.5	eq,	8.19	mmol),	potassium	phosphate	(0.695	g,	3eq,	3.28	mmol),	





18H,tert-Bu).	 13C	NMR	 (75	MHz,	 CDCl3:)	 δ	 167.47,	 165.22,	 159.80,	 152.87,	 151.55,	 145.58,	 134.02,	




the	 same	 procedure	 as	 3.12	 except	 that	 4-bromo-5-methyl-2-phenylthiazole	was	 replaced	 by	 3.11.	
From	3.11	 (0.5	 g,	 1	 eq,	 1.73	mmol),	 benzothiophene-3-	 boronic	 acid	
(0.462	g,	1.5	eq,	2.60	mmol),	potassium	phosphate	(0.552	g,	1.5	eq,	2.60	
mmol),	 tetrakis(triphenylphosphine)palladium	 (0.06	 g,	 0.03	 eq,	 0.05	
mmol	3mol%)	in	23	mL	DME	and	12	mL	water,	0.490	mg	(83	%	yield)	of	









the	 same	 procedure	 as	 3.13	 except	 that	 4-bromo-5-methyl-2-
phenylthiazole	 was	 replaced	 by	 3.11.	 From	 3.11	 (0.4	 g,	 1.2	 eq,	 1.39	







δ	 167.68,	 162.56,	 152.52,	 145.96,	 135.73,	 133.91,	 132.32,	 131.61,	 130.84,	 130.14,	 129.19,	 129.07,	






using	 a	 JASCO	 V-660	 spectrophotometer	 and	 a	 Shimadzu	 QYM-01	 setup,	 respectively.	 For	 kinetic	
thermal	 analyses,	 the	 temperature	 was	 controlled	 by	 a	 JASCO	 ETC	 505T	 Temperature	 controller.	
Stopped-flow	measurements	were	 conducted	with	 a	 rapid-scan	 stopped-flow	 spectroscopic	 system	
(Unisoku).	
	 For	 the	 oxidative	 cycloreversion	 experiments	 in	 Chapter	 2,	 kinetics	 experimeriments	 were	
performed	 by	 mixing	 desired	 amounts	 of	 the	 oxidizing	 agent	 tris(4-bromophenyl)ammoniumyl	








STM	 imaging	 was	 performed	 in	 an	 Omicron	 Low-Temperature	 Ultra-High	 Vacuum	 System	
working	with	a	base	pressure	of	1.5	x	10-11	mbar.	The	Ag(111)/Cu(111)	crystal	was	prepared	by	repeated	
















using	Gaussian	 09[7]	with	 the	 functional	 B3LYP	with	 basis	 set	 6-31G(d,p).	 Calculations	 of	 IR	 spectra	
showed	 no	 negative	 vibrations	 ensuring	 that	 the	 geometry	 corresponded	 to	 absolute	minima.	 The	
reactive	anti-parallel	conformation	was	used	as	input	structure.		

















	 Then,	 STM	 images	 of	 relaxed	 adsorbates	 were	 calculated	 by	 using	 the	 elastic	 scattering	
quantum	chemistry	technique[13-14]	(ESQC).	Here,	the	complete	STM	junction,	comprising	the	surface,	
the	molecular	adsorbate,	the	tip	apex	and	the	tip	body,	is	described	by	a	set	of	molecular	orbitals	for	
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To	be	 studied	at	 the	 single	molecular	 level	by	STM,	 terarylenes	with	high	 switching	 sensitivity	have	been	 selected.	These	
compounds	display	high	quantum	yields	of	up	to	100	%.	However,	the	cycloreversion	reaction	remains	low	so	an	alternative	
route,	through	a	chain-reaction	oxidative	mechanism,	has	been	sought.	In	the	first	part,	we	show	that	the	efficiency	and	speed	
of	 this	 reaction	 may	 be	 controlled	 by	 attachment	 of	 aromatic	 groups	 on	 the	 reactive	 carbons.	 In	 the	 second	 part,	 we	
functionalized	these	molecules	for	STM	studies	by	attaching	tert-butyl	and	chloride	groups.	These	substituents	preserve	their	
excellent	 photochemical	 and	 switching	 properties	 while	 tert-butyl	 groups	 show	 bright	 contrast	 in	 STM	 images,	minimize	
aggregation	of	these	molecules	on	the	surface,	and	slightly	decouple	the	molecule	from	the	surface.	The	chlorine	group	has	
been	 introduced	 to	direct	 their	 surface	assembly	on	 insulating	 substrates	 composed	of	 crystalline	NaCl	bilayer	previously	
grown	over	a	metallic	substrate.	


















cycloréversion	 reste	 faible,	 de	 sorte	 qu'une	 voie	 alternative,	 grâce	 à	 un	mécanisme	 oxydatif	 à	 réaction	 en	 chaîne,	 a	 été	
recherchée.	Dans	une	première	partie,	nous	montrons	que	l'efficacité	et	la	vitesse	de	cette	réaction	peuvent	être	contrôlées	
par	 la	 fixation	 de	 groupes	 aromatiques	 sur	 les	 carbones	 réactifs.	 Dans	 la	 deuxième	partie,	 nous	 avons	 fonctionnalisé	 ces	
molécules	afin	de	les	étudier	par	STM	en	introduisant	des	groupes	tert-butyle	et	chlorure.	Tout	en	préservant	leurs	excellentes	











telles	 molécules	 peuvent	 être	 optimisées	 pour	 tenir	 compte	 de	 la	 surface,	 car	 sa	 simple	 présence	 peut	 induire	 un	
comportement	 bien	 différent	 de	 celui	 obtenu	 en	 solution.	 Cette	 thèse	 ouvre	 les	 terarylènes	 à	 des	 applications	 futures	
nécessitant	une	surface	solide. 
